We have investigated the dynamic properties of the switch I region of the GTP-binding protein Ras by using mutants of Thr-35, an invariant residue necessary for the switch function. Here we show that these mutants, previously used as partial loss-of-function mutations in cell-based assays, have a reduced affinity to Ras effector proteins without Thr-35 being involved in any interaction. The structure of Ras(T35S)⅐GppNHp was determined by x-ray crystallography. Whereas the overall structure is very similar to wildtype, residues from switch I are completely invisible, indicating that the effector loop region is highly mobile. 31 P-NMR data had indicated an equilibrium between two rapidly interconverting conformations, one of which (state 2) corresponds to the structure found in the complex with the effectors. 31 P-NMR spectra of Ras mutants (T35S) and (T35A) in the GppNHp form show that the equilibrium is shifted such that they occur predominantly in the nonbinding conformation (state 1). On addition of Ras effectors, Ras(T35S) but not Ras(T35A) shift to positions corresponding to the binding conformation. The structural data were correlated with kinetic experiments that show two-step binding reaction of wildtype and (T35S)Ras with effectors requires the existence of a rate-limiting isomerization step, which is not observed with T35A. The results indicate that minor changes in the switch region, such as removing the side chain methyl group of Thr-35, drastically affect dynamic behavior and, in turn, interaction with effectors. The dynamics of the switch I region appear to be responsible for the conservation of this threonine residue in GTP-binding proteins. A n estimated 60-100 different GTP-binding proteins of the Ras superfamily belonging to different subfamilies have been identified and shown to regulate a diverse array of signal transduction reactions and͞or transport processes. These small GTP-binding proteins, but also the larger G␣ proteins or the protein synthesis elongation factors, contain conserved signature motifs in the primary sequence. Accordingly, the structures of many of these proteins show a common structural core called the G domain, an ␣͞␤ fold consisting of six ␤ strands and five ␣ helices (1). The common structural core is modified by insertions and͞or additional structural elements. The structures of several proteins have been solved in both the GDP-and GTP-bound form, which showed that the conformational change is mostly confined to the loop L2-␤2 (by using the Ras nomenclature) and the ␤3͞␣2 regions, which have accordingly been called switches I and II (2). It turned out that the active site of the GDP-bound conformations shows large variations, whereas the triphosphate structures are very similar (3). It was also deduced from these studies that the conformational change is triggered when two hydrogen bonds to the ␥-phosphate from switches I and II, involving invariant Thr and Gly residues, respectively, are released after GTP hydrolysis (3). NMR structural studies have shown that the switch regions show an inherent mobility much higher than the rest of the G domain (4-6). From temperaturedependence measurements and line-shape analysis of 31 P-NMR spectra of Ras⅐GppNHp, it had been deduced earlier that in solution, the effector region interconverts between two main conformations that are characterized by different chemical shift values for the resonances of the ␣-and ␤-phosphate groups (7). The switch I region contains only one invariant residue, Thr-35 in Ras (10), which is involved via its side chain hydroxyl in the coordination of the crucial metal ion and, via its main chain NH, in contacting the ␥-phosphate. Thr-35 is most likely invariant in all Ras-related proteins (not counting pseudogene products) and is never substituted by a Ser, in contrast to the P-loop motif GxxxxGKS͞T, where the interaction with the metal ion is performed by either Ser or Thr. Following the observation that the T35S mutation-frequently used in biological studies as a partial loss-of-function mutation-has a reduced affinity to RalGDS (see below) without Thr making a significant contribution to the interaction (11, 12), we have investigated the role of Thr-35 for the properties of H-Ras (subsequently referred to as Ras) and found its methyl group to be responsible for the dynamic behavior of the switch region. This observation, in turn, is most likely the reason for the complete invariance of this threonine residue.
A n estimated 60-100 different GTP-binding proteins of the Ras superfamily belonging to different subfamilies have been identified and shown to regulate a diverse array of signal transduction reactions and͞or transport processes. These small GTP-binding proteins, but also the larger G␣ proteins or the protein synthesis elongation factors, contain conserved signature motifs in the primary sequence. Accordingly, the structures of many of these proteins show a common structural core called the G domain, an ␣͞␤ fold consisting of six ␤ strands and five ␣ helices (1) . The common structural core is modified by insertions and͞or additional structural elements. The structures of several proteins have been solved in both the GDP-and GTP-bound form, which showed that the conformational change is mostly confined to the loop L2-␤2 (by using the Ras nomenclature) and the ␤3͞␣2 regions, which have accordingly been called switches I and II (2) . It turned out that the active site of the GDP-bound conformations shows large variations, whereas the triphosphate structures are very similar (3) . It was also deduced from these studies that the conformational change is triggered when two hydrogen bonds to the ␥-phosphate from switches I and II, involving invariant Thr and Gly residues, respectively, are released after GTP hydrolysis (3) . NMR structural studies have shown that the switch regions show an inherent mobility much higher than the rest of the G domain (4) (5) (6) . From temperaturedependence measurements and line-shape analysis of 31 P-NMR spectra of Ras⅐GppNHp, it had been deduced earlier that in solution, the effector region interconverts between two main conformations that are characterized by different chemical shift values for the resonances of the ␣-and ␤-phosphate groups (7) .
Furthermore, EPR studies of the Mg 2ϩ -binding site of Ras suggested that the coordination of the Thr-35 to the ␥-phosphate might be transient in solution, indicating a high flexibility of the side chain and͞or the loop containing the Thr-35 (8, 9) .
The switch I region contains only one invariant residue, Thr-35 in Ras (10) , which is involved via its side chain hydroxyl in the coordination of the crucial metal ion and, via its main chain NH, in contacting the ␥-phosphate. Thr-35 is most likely invariant in all Ras-related proteins (not counting pseudogene products) and is never substituted by a Ser, in contrast to the P-loop motif GxxxxGKS͞T, where the interaction with the metal ion is performed by either Ser or Thr. Following the observation that the T35S mutation-frequently used in biological studies as a partial loss-of-function mutation-has a reduced affinity to RalGDS (see below) without Thr making a significant contribution to the interaction (11, 12) , we have investigated the role of Thr-35 for the properties of H-Ras (subsequently referred to as Ras) and found its methyl group to be responsible for the dynamic behavior of the switch region. This observation, in turn, is most likely the reason for the complete invariance of this threonine residue.
Methods
Protein Purification. Wild-type and mutants of H-Ras (1-189) were expressed in Escherichia coli and purified as described (13) . Nucleotide exchange to GppNHp as well as N-methylanthraniloylGppNHp was done as described by John et al. (14) . Free nucleotide and phosphates were removed by gel filtration. The final purity of the protein was Ͼ95%, as judged by SDS͞PAGE. The concentration of the protein solution was determined by Bradford assay, with BSA as standard (15) . The amount and nature of protein-bound nucleotide were analyzed by C18 reverse-phase HPLC and quantified with a calibrated detector (Beckman Coulter) and integrator (Shimadzu). The Ras-binding domains of human c-Raf-1 and RalGDS were expressed in E. coli and purified as described (16, 17) .
NMR Spectroscopy.

31
P NMR spectra were recorded with a Bruker DRX-500 NMR spectrometer operating at 202 MHz. Measurements were performed in a 10-mm probe by using 8-mm Shigemi sample tubes at various temperatures. Ras protein solutions (1 mM) in 40 mM Hepes, pH 7.4͞10 mM MgCl 2 ͞150 mM NaCl͞2 mM dithioerythritol contained 10% D 2 O to get a lock signal. 2,2-Dimethyl-2-silapentane-5-sulfonate (0.1 mM) was added to calibrate the spectra by indirect referencing. A ⌶-value of 0.4048073561 reported by Maurer and Kalbitzer (18) was used, which corresponds to 85% external phosphoric acid contained in a spherical bulb.
Stopped-Flow Measurements. Stopped-flow experiments using Nmethylanthraniloyl-GppNHp bound to Ras were used to measure the interaction of different Ras-binding domains (RBDs) with Ras in an Applied Photophysics (Surrey, U.K.) SX16MV apparatus, as described (19, 20) . The reactions were carried out in 40 mM Hepes, pH 7.4͞10 mM MgCl 2 ͞150 mM NaCl͞2 mM dithioerythritol at 10°C by using an excitation wavelength of 360 nm and a cutoff filter (408 nm) in front of the detector. Exponential and hyperbolic fits to the data, respectively, were done by using the program GRAFIT X-Ray Crystallography. Crystals of the T35S mutant of Ras in complex with GppNHp and magnesium were grown with a reservoir of 24% polyethylene glycol 1500͞50 mM CaCl 2 ͞100 mM Tris, pH 7.5, by using 20 mg ml Ϫ1 protein stock solution. The drop was composed of 5 l protein stock solution, 4 l reservoir, and 1 l Spermine-tetraHCl. Crystals grew to a final size of 0.4 ϫ 0.1 ϫ 0.05 mm in the space group P2 1 2 1 2 1 with three molecules in the asymmetric unit. The crystals were very sensitive to changes in the mother liquor, therefore no ideal cryoprotectant was found, and the crystals were measured at room temperature. Data were collected on an FR591 (Nonius Delft, The Netherlands) rotating anode equipped with a MAR345 (Mar Research, Hamburg) image plate detector and processed with XDS (22) . The crystals diffracted to better than 2.5 Å, but because of the small size of the crystals, the data were usable only to 2.9 Å ( Table 3 ). The structure was solved by using the program AMORE from the CCP4 suite (23) with Ras⅐GppNHp (Protein Data Bank ID code 5p21) as a search model and yielded unambiguous solutions for the three molecules in the asymmetric unit (R factor 38.4% and correlation 62.9%, next highest peak 44.8 and 48.3%). The model was built with O (24) and refined with CNS (25) with noncrystallographic symmetry restraints to a final R free of 28.2% (R crys 24.2%) with good model geometries ( Table 3 
Results and Discussion
Affinity of Wild-Type Ras, Ras(T35S), and Ras(T35A) to Different Effectors. As is generally accepted, Ras and other Ras-like proteins use different effectors to relay signals into different cellular responses (26) . The T35S mutation has originally been identified in a screen for mutations that selectively disrupt specific signaling pathways of the Ras protein (27) . It has been proposed, by using either the two-hybrid method or pull-down assays, that the mutation affects only the interaction with RalGDS and is thus used as a tool to prove or disprove the participation of RalGDS in a particular pathway (28) (29) (30) (31) (32) (33) (34) (35) . However, quantitative measurements by the GDI method (16, 17) of the interaction of Ras(T35S) with effectors show that the mutation also drastically effects the interaction with other effectors. Table 1 shows that the affinity to Raf-RBD is decreased 60-fold, at least 29-fold to RalGDS-RBD, and effects binding to AF6-RBD and Byr2-RBD (36) as well. Because the absolute affinity of wild-type Ras to Raf-RBD is much higher than to the other effectors, this would be a possible explanation for the finding that in vivo T35S appears to selectively activate the Raf pathway. Replacing Thr-35 in Ras by an alanine residue leads to a further reduction of the affinity to Raf-RBD by a factor of three (16) . For measuring binding of Ras(T35A) to the RBDs of RalGDS and AF6, the affinities were too low to be determined by the GDI method.
That the affinity between Ras and the effectors is substantially weakened by the T35S mutation is surprising at first glance, considering that in the three-dimensional structures of the Raps⅐Raf-RBD complex, which mimics the Ras⅐Raf-RBD complex, no direct interaction between T35 and the effector can be detected (37) . Furthermore, the interaction of a Ras mutant with RalGDS-RBD showed only a weak water-mediated contact of Thr-35 (11) and none for wild-type Ras (12) .
Conformational Transitions in Ras Proteins.
We have shown earlier that the switch I region of Ras in the GppNHp-bound state adopts at least two conformations, which can be detected by different chemical shifts in the 31 P-NMR spectrum. From the two conformational states, conformation 2 is slightly preferred. From temperature-dependence measurements and line-shape analysis, the interconversion between the two conformations was found to be strongly temperature dependent, with a rate of 130 s Ϫ1 at 5°C and 1,900 s Ϫ1 at 25°C (7). Fig. 1 shows the 31 P-NMR spectra of wild-type Ras and selected mutants with substitutions in the effector loop. Whereas wild-type Ras shows two resonance lines each for the ␣-and ␤-phosphate, as described earlier (7, 38) , T35S shows only single peaks for the ␣-phosphate (Ϫ11.10 ppm) and ␤-phosphate (Ϫ2.57 ppm) ( Table 2 ). The T35A mutation, also originally described as a partial loss-of-function mutation (27) , again shows only single resonance lines for the ␣-and ␤-phosphate. This result indicates that in the time average, the effector loops of Ras(T35S) and Ras(T35A) adopt a similar conformation as in state 1 of wild-type Ras, and state 2 is not populated significantly. Because effector binding induces state 2 (7, 38, 39) , it most likely corresponds to a rather well-defined conformation (Fig. 2) , as found in the complexes with effectors (40) , where the OH of Thr-35 coordinates the Mg 2ϩ ion (distance 2.2 Å) and its methyl packs against the effector loop, and where Tyr-32 is close to the phosphates (closest approach to ␤-P 5.2 Å). State 1, however, may represent either a fixed conformation or an equilibrium of conformational substates in fast exchange on the NMR time scale. Both models would result in only one resonance each for the ␣-and ␤-phosphates. Such a spectrum would thus also be expected for an effector loop that The apparent dissociation constants KD were determined by the GDI method at 37°C, according to Herrmann et al. (17) .
has become more flexible (see below), because of the loss of the methyl group of Thr-35, an effect that would be even more pronounced for Ras(T35A), which has lost its hydroxyl group as well.
The notion that ''state 1'' is not a well-defined arrangement of atoms fixed in space is supported by results from three glycine mutants of Ras, Ras(V29G), Ras(I36G), and the double mutant Ras(V29G͞I36G). The mutated residues are sitting at positions where they are supposed to function as ''hinges'' for the effector loop, as their mutation to glycine was shown to increase the flexibility of the loop (41) . Indeed, the 31 P-NMR spectra of those mutants show single peaks for the phosphates at positions corresponding to the proposed flexible state 1 ( Fig. 1 ; the spectrum of the double mutant is shown). In principle, the internal mobility of switches I and II could be studied directly in isotope-enriched Ras protein by relaxation time measurements. However, the relevant residues are not visible in wild-type Ras⅐Mg 2ϩ ⅐GppNHp (5, 42), probably because they are exchange broadened beyond detection. It would be interesting to study the behavior of the T35 mutants by heteronuclear NMR spectroscopy. From our data, one would predict that for the mutants, the residues of the effector loop should now be visible in the multidimensional spectra because they occur only in state 1. Relaxation time measurements now feasible with these mutants should indicate that there is a fast internal mobility with a low-order parameter S (2) describing the conformational substates of the effector loop.
Crystal Structure of Ras(T35S)⅐Mg 2؉ ⅐GppNHp. To get more information about the conformation of the effector loop, we solved the structure of Ras(T35S) by x-ray crystallography. The mutant crystallizes in a space group different from wild-type Ras (orthorhombic in contrast to the trigonal wild-type crystals), Table 2 . which indicates a rather drastic change in the structure͞dynamics (Table 3 ). The overall fold is very similar, as expected (rms 1-29,39-60,71-166 for molA, 0.73 Å; molB, 0.47 Å; and molC, 0.5 Å) and contains three molecules in the asymmetric unit. The nucleotide is located in a similar position and makes basically the same contacts as in the wild-type protein (Fig. 3A) . Although Ser-35 is not visible (see below), the position of the magnesium ion can be identified, which is somewhat (0.3 Å) further away from the ␤-and ␥-phosphate oxygens as compared with wildtype Ras⅐GppNHp, where the hydroxyl group of Thr-35 contacts OH of Ser-17 (3.0 Å), the ␥-phosphate oxygens (3.2 Å), the magnesium ion (2.3 Å), and two water molecules. However, there are significant differences in the switch regions. In all three T35S molecules, the switch I and II regions are disordered (Fig.  3A) . In detail, the invisible regions comprise residues 30-37 and 61-69 (molA), 30-38 and 62-67 (molB), and 31-37 and 64-70 in molC, respectively, indicating that the effector loop is extremely mobile in the crystals (Fig. 3 A and B) . The remainder of the structure is essentially unaltered. It can be shown that the differences are not because of (missing) crystal contacts by comparison with the structure of Ras⅐GppCH 2 p [Protein Data Bank ID code 6q21 (43)], which was crystallized in space group P21 with four molecules per asymmetric unit. In this space group, two molecules have no crystal contacts at all in the effector loop region, and still the effector loop shows density. The temperature of data collection, the crystallization conditions, and pH values were similar and thus cannot account for the observed differences in flexibility. In the T35S structure, one molecule (B) has no crystal contacts in the effector loop region (the effector loop was modeled according to the structure in 5p21 because no density was visible; see Fig. 3B ), the other molecule could possibly have contacts between either Pro-34 and Arg-135 (A) or Tyr-32, and the symmetry-related Arg-41 and Asp-54 as well as Pro-34 with Glu-3 and Glu-31 with Ser-39 (C). Here, the putative effector loop taken from 5p21 would clash with the symmetry-related molecules so that the effector loop must be somewhere else (and flexible, because no density is visible).
Conformational State of the Effector Loop of Ras Bound to Effectors.
We have shown earlier that the two conformations represented by the 31 P-NMR spectrum can be correlated to the biological function of Ras, as only one conformation (state 2) is found in the complex of Ras with either Raf-RBD (7), RalGDS-RBD (38), or AF6-RBD (39) . The dynamic equilibrium of the switch region is thus of prime importance for the function of Ras in its interactions with effectors, probably also with regulators (7). In the spectrum shown in Fig. 1 , Ras(T35S) can be seen exclusively in the first nonbonding conformation. Fig. 4 shows that increasing amounts of Raf-RBD or RalGDS-RBD induce a complete shift of the ␣ and ␤ resonances in the 31 P-NMR spectrum to state 2. The chemical shift values are summarized in Table 2 . Thus, although the mutant has a lower affinity and higher flexibility, it most likely adopts a conformation similar to that seen in the wild-type complex. The binding affinity of RalGDS-RBD, not measurable by the GDI or stopped-flow method, can be qualitatively determined with NMR titration, because the relation of unbound and complexed Ras protein can be taken from the integrals of the separated ␤ lines. Using these, we get a dissociation constant between Ras(T35S)⅐GppNHp and RalGDS-RBD of about 360 M, very much higher than the wild-type constant of 1 M (Table 1) . In contrast to the above, the T35A mutant shows only a broadening of the resonance lines and a slight chemical shift on addition of the Raf-RBD (Table 2) but no shift to positions characteristic for state 2. Addition of RalGDS-RBD produces neither a shift of the ␤ phosphate nor a pronounced line broadening, even at millimolar concentrations. When no special effects have to be considered such as line broadening by chemical exchange, the transverse relaxation rate 1͞T 2 and hence the line width should increase after binding of the effector because of an increase in the rotational correlation time of the complex. In a first approximation, the increase of 1͞T 2 is expected to be proportional to the increase of the molecular mass. Using the line broadening of the relatively narrow ␥-phosphate line observed as function of the RalGDS-RBD concentration, we can estimate a dissociation constant of about 10 mM for the interaction with Ras(T35A).
Binding of Ras(V29G͞I36G) to Raf-RBD again causes a shift toward state 2 (data not shown). However, much higher concentrations of RBD are needed compared with wild-type protein to shift the equilibrium. A dissociation constant of about 1 mM can be estimated. These results support the idea that the observed ''state 1'' in Ras(T35S) indeed corresponds to a highly flexible effector loop.
Kinetics of the Ras-Effector Interaction. Kinetic stopped-flow experiments by using the fluorescent analogue mGppNHp bound to Ras showed that the description of the binding of effectors to Ras requires (at least) a two-step model. The data could be fitted satisfactorily by assuming that an initial low-affinity encounter complex isomerizes to the final high-affinity complex (19, 39) , and that the Ras effector complex is highly dynamic, showing both fast association and dissociation (19, 44) . The binding reaction has been described by Eq. 1.
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For wild-type Ras, plotting the observed pseudofirst-order association rate constants against the concentration of Raf-RBD (Fig. 5 ) and fitting the data according to Eq. 1 gives a dissociation constant K 1 for the first step of 12 M and 415 sec Ϫ1 for the rate-limiting isomerization reaction at 10°C. For Ras(T35S), the equilibrium constant K 1 of the initial complex formation is higher by a factor of 5.9, and the isomerization rate constant drops down to 211 s Ϫ1 . The overall affinity K D ϭ K 1 ϫ K 2 drops 42-fold to 2 M, very close to what has been found by the equilibrium method (Table 1 ). The T35S mutant thus interacts with Raf-RBD qualitatively similar to the wild-type protein, although both the kinetic and equilibrium parameters of the binding are affected by the mutation. Ras(T35A) behaves quite differently: not only does it show a fluorescence increase on Raf binding (not shown), as opposed to a decrease observed for wild-type and T35S, but it also shows no saturation of the observed rate constants (Fig. 5, Table 4 ). This seems to indicate that alanine in position 35, which cannot coordinate to the Mg 2ϩ ion as shown for the threonine residue by the three-dimensional structure (2, 45) and expected for serine, forms a different effector-binding conformation, and the association does not involve a rate-limiting conformational change. The ratio of Table 4 .
Fig. 4.
31 P-NMR spectroscopic analysis of complex formation between Ras(T35S) (A and C) and Ras(T35A) (B and D) in the GppNHp form and cRaf-RBD (A and B) and RalGDS-RBD (C and D). Increasing amounts of the effectors were added to 1-2 mM Ras protein, and spectra were recorded as described in Fig.  1 and Methods. The ratio of RBDs to Ras proteins is indicated. The chemical shift values are summarized in Table 2 .
dissociation and association rate constants gives an equilibrium dissociation constant for Raf-RBD of 7.2 M, 3.5-fold higher than Ras(T35S). This is close to the results found by the GDI method, where Ras(T35A) shows a dissociation constant of 3.4 M (16), 3-fold higher than the serine mutant (Table 1) . Stopped-flow measurements of the association kinetics between both T35 mutants and RalGDS-RBD show no change in fluorescence signal.
Because the x-ray structure shows the hydroxyl group of Thr-35 to be involved in the coordination of the metal ion, the differences of RBD-binding affinities between wild-type and Thr-35 mutants of Ras could be caused by the impaired Mg 2ϩ of the T35A mutant. For the complex of Ras with the fluorescent nucleoside diphosphate mGDP, no significant change in the Mg 2ϩ dissociation constants were previously found between the wild-type and the T35A-mutant (46) . Here, we determined the affinity of Ras⅐mGppNHp for Mg 2ϩ by measuring the dissociation rate of mGppNHp with varying Mg 2ϩ concentrations and found only 3-and 4-fold decreases in Mg 2ϩ affinity for the T35S and T35A mutant, respectively, as compared with wild type (data not shown). Under the experimental conditions used for 31 P NMR experiments, the state of the protein can be directly observed. The protein is always complexed by Mg 2ϩ ⅐GppNHp, because removal of the Mg 2ϩ ion leads to characteristic chemical shift changes (38) .
Conclusion
Our structural and kinetic data have shown that minor changes in the structure of Ras in and around the switch I region, such as replacement of GTP by GppNHp (7) or of Thr-35 by Ser or Ala, perturb the equilibrium of the conformational states and possibly also the rate of interconversion of these conformations, and thereby also effect interactions with target proteins. Thr-35, being invariant in all Ras-like (and other) GTP-binding proteins, is thus apparently conserved not for structural but rather for the dynamic properties of these switch molecules. Whereas a Thr3Ser mutation should be tolerated from structural considerations, the results presented here indicate that the methyl group of this residue is important for the capability of Ras to dynamically switch between different conformations. Because this residue has been mutated not only in Ras but also in other Ras-like proteins (i.e., refs. 47 and 48) and found to be important for function, dynamic flexibility in the switch regions of these proteins, a prerequisite for their function, might be commonly regulated by the Thr residue. Our results also show that the molecular switch function of GTP-binding proteins is not just because of whether the ␥-phosphate is present on the guanine nucleotide, but that the dynamic interchange between different conformations is a structure-based inherent property of these molecules, and determined by a single methyl group in the effector region. 
